Double maternal effect: duplicated nucleoplasmin 2 genes, npm2a and npm2b, are 1 shared by fish and tetrapods, and have distinct and essential roles in early 2 embryogenesis 3 Abstract 1 4
Npm2b in all investigated vertebrate species, and should therefore now be referred to as 1 4 8
Npm2b. In addition, with the presence of Npm2b1 and Npm2b2 in all investigated salmonid 1 4 9 species, we provided for the first time evidence of the existence of two Npm2b protein forms 1 5 0 in vertebrate species.
5 1
The existence of the two Npm2 clades indicated that Npm2a and Npm2b are likely 1 5 2 paralogous to each other. In addition, comparison of Npm2a and Npm2b amino acid 1 5 3 sequences in the species that harbor both revealed that they share between 30.2% and 46.4% 1 5 4
homology, depending on the species (Supplemental Table S2 ). The low sequence identity is 1 5 5 consistent with an ancient duplication event that gave rise to npm2a and npm2b genes.
7 1
The human, mouse, Chinese alligator, Xenopus tropicalis and laevis, coelacanth, 1 7 2 spotted gar, and zebrafish npm2b genes are located in genomic regions containing common 1 7 3 loci, including dok2, xpo7, fgf17, dmtn, lgi3, bmp1, sorbs3, pdlim2, gpr124, prlhr, got1l1, 1 7 4 adrb3, and nkx6-3. Together with the phylogenetic analysis, this indicates that npm2b genes 1 7 5 investigated here are orthologous. Synteny analysis revealed the absence of the npm2b gene 1 7 6
in tetraodon although the above-mentioned neighbouring genes are present in its genome 1 7 7 ( Fig. 2 and Supplemental Table S3 ).
7 8
The Chinese alligator, chicken, Xenopus tropicalis and laevis, spotted gar, and 1 7 9
zebrafish npm2a genes are located in genomic regions containing the same loci as npm2b 1 8 0 conserved regions (Fig. 2) . Indeed, Chinese alligator and spotted gar npm2a and npm2b genes The presence/absence of npm2a and npm2b in the current vertebrate phyla and species 1 8 9
is summarized in Fig.3 , and we also propose an evolutionary scenario for the diversification 1 9 0 of the npm2 genes across vertebrate evolution.
9 1
In this study, we demonstrated that npm2a and npm2b may be paralogous genes 1 9 2 present in the different vertebrate groups, chondrichthyans ( Fig.1) , sarcopterygians, and 1 9 3 actinopterygians (Figs. 1 and 2), which strongly suggested that the npm2 genes originated 1 9 4 from a duplication event prior to the divergence of chondrichthyans and osteichthyans. Since 1 9 5 the four npm family members (npm1, npm2, npm3, and npm4) are thought to be produced 1 9 6 from the first two rounds of WGD (VGD1 & VGD2) that occurred early on in vertebrate 1 9 7 evolution, we can thus hypothesize that the duplication event that generated npm2a and 1 9 8 npm2b took place after VGD2, but before emergence of chondrichthyans and osteichthyans, 1 9 9 between 450 and 500 million years ago (Mya)
. The findings from our synteny analysis 2 0 0 demonstrated that in representative species of actinopterygians (spotted gar) and 2 0 1 sarcopterygians (Xenopus tropicalis and laevis and Chinese alligator), npm2a and npm2b 2 0 2 genes are at two distinct loci located on the same chromosomic region (Fig. 2) . These results 2 0 3 strongly suggested that npm2a and npm2b genes arose from local gene duplication rather than 2 0 4 a whole genome (or chromosome) duplication event ( Fig. 3 ).
0 5
The teleost ancestor experienced an extra WGD event (TGD)
, but in all 2 0 6 investigated teleosts, we observed a maximum of one npm2a ortholog and one npm2b 2 0 7 ortholog (except in salmonids) ( Fig. 1 ). In addition, npm2a and npm2b are located on two 2 0 8 TGD ohnologous regions on chromosomes 8 and 10, respectively ( Fig. 2 ), in zebrafish, 2 0 9 1 0 which is consistent with the loss of one of the npm2a duplicates from one region and the loss 2 1 0 of one npm2b duplicate from the corresponding ohnologous region. Thus, npm2 diversity is 2 1 1 most likely due to the early loss of one of the two npm2a and npm2b TGD ohnologs ( Fig. 3 ).
1 2
This observation in zebrafish strengthened the hypothesis that TGD did not impact the npm2a 2 1 3 and npm2b diversity in teleosts. In addition, the lack of npm2a and npm2b in neoteleostei 2 1 4 species, such as tetraodon, suggested that additional gene losses occurred early in the 2 1 5 evolutionary history of this group (Fig. 2 ).
1 6
In salmonids, we identified two npm2b paralogs, i.e. npm2b1 and npm2b2, in all 2 1 7 investigated salmonid species (Fig. 1 ). Considering the high sequence identity shared by 2 1 8 npm2b1 and npm2b2, it is strongly hypothesized that these duplicates originated from SaGD.
1 9
In contrast, we identified only one npm2a gene in all investigated salmonids suggesting that 2 2 0
SaGD did not have any impact on the current salmonid npm2a diversity mostly due to an 2 2 1 early loss of the SaGD ohnolog of this gene ( Fig. 3 ).
2
In addition to the early gene losses after WGD, various other independent and 2 2 3 phylum-specific gene losses may have contributed to shape the current diversity of npm2a 2 2 4
and npm2b in vertebrates. In fact, although both npm2a and npm2b have been globally 2 2 5 conserved in sarcopterygians and actinopterygians, some phyla in each group lack at least one 2 2 6 of the genes. In sarcopterygians, npm2a is conserved in amphibians such as Xenopus To examine the evolutionary adaptation of the npm2 proteins, estimation of the ratio 2 4 7 of substitution rates (dN/dS) between the paralogous npm2a and npm2b CDS for all of the 2 4 8 species harbouring multiple npm2 paralogs was performed ( Supplemental Table S4 ). For all 2 4 9 investigated species, the dN/dS values were well below 1, indicating that whilst npm2a and 2 5 0 npm2b genes diverged approximately 500 Mya, they have remained under strong purifying 2 5 1 selection and evolutionary pressure, which may have tended to conserve their distinct protein 2 5 2 structures and functions. Thus, in this study, we found that Npm2a and Npm2b may have 2 5 3 diverged from an ancient duplication and currently share low sequence identity, suggesting 2 5 4 that they could have thus evolved with different roles, which were likely conserved through 2 5 5 strong negative selection. In order to investigate further the potential functions of Npm2a and Npm2b, we first 2 5 9 1 3
were found at high levels in oocytes (Fig. 5A ), and despite gradual decreases in the levels of 2 8 3 both npm2 during oogenesis, they still can be detected at reasonable amounts in the 2 8 4
unfertilized egg (i.e. metaphase 2 oocyte) ( Fig. 5B ). Thereafter, npm2a and npm2b transcript 2 8 5 levels progressively decreased during embryonic development after fertilization before 2 8 6
reaching very low levels at 24 hours post-fertilization (hpf) (Fig. 5B ). This suggests that both 2 8 7 mRNAs are strictly maternal (i.e. not re-expressed by the zygote), which is consistent with 2 8 8 previous studies on zebrafish npm2a and npm2b transcripts
. Their expression profiles 2 8 9
are typical features of maternally-inherited mRNAs, which highly suggested that the novel 2 9 0 npm2a is also a maternal-effect gene. . As previously 2 9 6 demonstrated, npm2b is a maternal-effect gene whose transcripts are accumulated in the 2 9 7 growing oocyte and maternally-inherited by the zygote, where it functions as a histone 2 9 8 chaperone to decondense sperm DNA as well as reorganize chromatin, thus, it has also been 2 9 9
suggested to contribute to ZGA as well [8, 14, 27, 28] . Npm2b is thought to be activated by Lastly, we performed functional analysis of these two Npm2 proteins by genetic 3 2 5 knockout using the CRISPR/cas9 system. One-cell staged embryos were injected with the 3 2 6
CRISPR/cas9 guides that targeted either npm2a or npm2b and allowed to grow to adulthood.
2 7
Mosaic founder mutant females (F0) were identified by fin clip genotyping and subsequently 3 2 8 mated with wild-type (WT) males, and embryonic development of the F1 fertilized eggs was 3 2 9
recorded. Since the mutagenesis efficiency of the CRISPR/cas9 system was very high, as 3 3 0 previously described
, the npm2 genes were sufficiently knocked-out even in the 3 3 1 transgenic mosaic F0 females. This was evidenced by the substantially lower transcript levels 3 3 2 1 5 of npm2a and npm2b in the F1 embryos as compared to those from control WT pairings 3 3 3 ( Fig.6A) . Thus, the phenotypes of npm2a (n=3) and npm2b (n=4) mutants could be observed 3 3 4 even in the F0 generation. Since none of the mutated genes were transmissible to future 3 3 5
generations neither through the male nor the female, therefore, all of our observations were 3 3 6
obtained from the F0 generation. We observed that most of the embryos from the npm2b 3 3 7 mutant females underwent cellular division during the very early stages of development (1-3 3 3 8
hpf) despite a considerable number of embryos with abnormal morphology (24.00±7.84%
3 3 9
versus 0% in controls) ( Fig.6B) , which included smaller size, enlarged yolk to membrane 3 4 0 ratio, and small yolk to membrane ratio. columns]). The abnormal morphology of these embryos was similar to that found in npm2b-3 5 6 deficient embryos. The F1 embryos that did not undergo any cell division at 1 hpf continued 3 5 7 1 6
to display a complete lack of development at 64-cell, oblong, dome, germ ring, and finally 3 5 8 somite stages ( Fig.6B [middle columns] ). Similar to the npm2b mutant-derived embryos, the 3 5 9
npm2a-deficient embryos were all dead by 24 hpf while the remaining embryos that showed 3 6 0 normal development and normal cell division continued to progress normally. This novel 3 6 1 finding showed for the first time that npm2a is essential for early development of embryos, 3 6 2 and is therefore a crucial maternal-effect gene. Further, we demonstrated that while npm2a 3 6 3
and npm2b share similar tissue distribution, as both are found specifically in the ovaries and and mortality at the earliest stages of embryogenesis.
7 6
In consequence, the dominancy of the mutant allele combined with the strong 3 7 7 maternal effect of these genes, which led to massive early embryonic mortality such that none Since two annotated genes corresponding to npm2, which is known as an essential 3 8 7 maternal-effect gene in mammals and amphibians, were recently found in zebrafish, we set 3 8 8
out to investigate their evolution and function. In this study, we demonstrated that the two 3 8 9
duplicates of npm2, npm2a and npm2b, exist in a wide range of vertebrate species, including 3 9 0 ray-finned fish, amphibians, and bird. We also found that the mammalian npm2 gene is in 3 9 1 fact an ortholog of npm2b. Using phylogeny and synteny analyses, we traced the origins of 3 9 2 those two duplicates to the early stages of vertebrate evolution. Our findings indicate that 3 9 3 npm2a and npm2b genes resulted from a local gene duplication that may have occurred 3 9 4 between VGD2 and the divergence of ray-finned fish and tetrapods (~450-500 Mya). This 3 9 5 ancient origin is in line by the low sequence identity between the two npm2 genes, although The following genomic data were extracted and investigated from the ENSEMBL genomic 250-1600 base pairs, that span exons which allow the formation of non-functional proteins.
9 7
Nucleotide sequences containing the gRNA were ordered, annealed together, and cloned into 4 9 8 the DR274 plasmid. In vitro transcription of the gRNA from the T7 initiation site was 4 9 9 performed using the Maxiscript T7 kit (Applied Biosystems), and their purity and integrity 5 0 0
were assessed using the Agilent RNA 6000 Nano Assay kit and 2100 Bioanalyzer (Agilent 5 0 1
Technologies, Santa Clara, CA). Zebrafish embryos at the one-cell stage were micro-injected in Paris, France). The embryos were allowed to grow to adulthood, and genotyped using fin 5 0 5
clip and PCR that detected the deleted regions. The PCR bands of the mutants were then sent 5 0 6
for sequencing to verify the deletion. Once confirmed, the mutant females were mated with 5 0 7 2 2 wildtype males to produce F1 embryos, whose phenotypes were subsequently recorded.
0 8
Images were captured with a Carl Zeiss microscope (Jena, Germany) and ToupCam camera 5 0 9
(ToupTek, Hangzhou, China).
1 0
Genotyping 
